Epidemiologic studies suggest that intrauterine growth restriction (IUGR) can lead to impaired lung function, yet little information exists on the effects of IUGR on airway development. Our objectives were to characterize morphometrically effects of IUGR on airway structure in the fetus and to determine whether alterations persist into postnatal life. We used two groups of sheep, each with appropriate controls; a fetal group was subjected to IUGR by restriction of placental function from 120 to 140 d (term~147 d), and a postnatal group, killed 8 wk after birth, was subjected to IUGR from 120 d to birth at term. In both fetuses and postnatal lambs, IUGR did not alter lung weight relative to body weight. In IUGR fetuses, the luminal areas and basement membrane perimeters of the trachea and larger bronchi (generations 0 -8, trachea ϭ 0) were smaller than in controls. Airway wall areas, relative to basement membrane perimeters, were reduced in IUGR fetuses compared with controls, largely due to reduced areas of cartilage and epithelium. At 8 wk after birth, there were no significant differences in airway dimensions between IUGR and control lambs. However, the number of profiles of bronchial submucosal glands, relative to basement membrane perimeters, was lower in IUGR lambs than in controls and the area of epithelial mucin was increased. We conclude that restriction of fetal growth during late gestation impairs the growth of bronchial walls that could affect airway compliance in the immediate postnatal period. Although airway growth deficits are reversed by 8 wk, alterations in mucus elements persist. Abbreviations A adv , area within the adventitia A bm , area within the basement membrane A cart , area of cartilage layer A inep , area within the internal perimeter of the epithelium A ism , area within the inner perimeter of the smooth muscle layer A osm , area within the outer perimeter of the smooth muscle FEV 1 , forced expiratory volume in 1 s PaO 2 , partial pressure of arterial oxygen PaCO 2 , partial pressure of arterial carbon dioxide pHa, pH of arterial blood P adv , perimeter of the adventitia P bm , perimeter of the basement membrane P inep , internal perimeter of the epithelium P ism , inner perimeter of the smooth muscle layer P osm: , outer perimeter of the smooth muscle layer SaO 2 , arterial oxygen saturation IUGR, intrauterine growth restriction Low birth weight is now recognized to be a risk factor for impaired lung function during postnatal life. A growing body of epidemiologic evidence suggests that intrauterine factors that retard fetal growth and lead to low birth weight can adversely affect lung function during infancy (1-3), childhood (4 -6), and adulthood (7, 8) . It has been suggested that factors that restrict fetal growth, such as reduced placental delivery of nutrients and oxygen to the fetus, may alter the development of the pulmonary airways and that these changes may persist into later life (9, 10). In a study of people born during the Dutch famine of 1944 -1945, an association was shown between exposure to famine in mid-and early gestation and obstructive airways disease in adulthood (11). This observation supports the hypothesis that fetal undernutrition during critical periods of development in utero can permanently alter the structure and function of the airways.
Low birth weight is now recognized to be a risk factor for impaired lung function during postnatal life. A growing body of epidemiologic evidence suggests that intrauterine factors that retard fetal growth and lead to low birth weight can adversely affect lung function during infancy (1-3), childhood (4 -6) , and adulthood (7, 8) . It has been suggested that factors that restrict fetal growth, such as reduced placental delivery of nutrients and oxygen to the fetus, may alter the development of the pulmonary airways and that these changes may persist into later life (9, 10) . In a study of people born during the Dutch famine of 1944 -1945 , an association was shown between exposure to famine in mid-and early gestation and obstructive airways disease in adulthood (11) . This observation supports the hypothesis that fetal undernutrition during critical periods of development in utero can permanently alter the structure and function of the airways.
Despite evidence that restriction of fetal growth impacts upon lung development (12, 13) , there have been few studies on the effects of growth restriction on airway development. One study examined the tracheal structure of fetal sheep after restriction of fetal growth induced by the restriction of placental growth (14) . Near to term, the tracheas of growth-restricted fetuses were found to have thinner mucosal and submucosal layers, reduced ciliation of epithelial cells, and a reduced extent of mucosal folding. Although this study (14) showed that IUGR could induce structural alterations in the fetal trachea, there appear to have been no studies of the effects of IUGR on more distal airways, nor of postnatal airway structure after IUGR to determine whether alterations persist into postnatal life.
Therefore, the objectives of this study were to characterize the effects of IUGR on the structure of pulmonary airways in the near-term fetus and to determine whether observed alterations in airway structure persist after birth. Our hypothesis was that late-gestational IUGR would alter the structure of the airways at birth and that changes would persist into postnatal life. We have also examined bronchial submucosal glands and mucosal mucus in fetal and postnatal airways, as a previous study indicated that their development in the fetal trachea may be impaired by IUGR (14) . This is of interest because airway mucus provides airway defense, and the incidence of respiratory infections during infancy is increased by IUGR (15, 16) . In the present study, we induced IUGR by chronic embolization of the umbilical-placental circulation (17) .
METHODS
Pulmonary airways from 20 fetal and postnatal lambs of the same breed (Border Leicester ϫ Merino) were used. Near-term fetuses (140 d of gestation, term being~147 d) constituted the fetal groups. These groups were comprised of five controls (three twins, two singletons) and five IUGR fetuses (four twins, one singleton). Animals forming the postnatal groups were born spontaneously at term and were humanely killed at 8 wk after birth. The composition of these groups were five singleton control lambs and five twin IUGR lambs. The study was approved by the Animal Welfare Committee of Monash University.
Surgical preparation. Pregnant sheep providing both groups of fetuses and lambs underwent surgery for the chronic implantation of catheters at 116 Ϯ 1 d (mean Ϯ SEM) after mating. Anesthesia of mother and fetus was induced by thiopentone (20 mg/kg iv) and maintained, after intubation, with halothane (1.5% to 2% in oxygen). In each fetus, a catheter was inserted into the descending aorta via a femoral artery such that its tip lay between the renal arteries and the common umbilical artery (17) . This catheter was used for blood sampling and for the injection of microspheres to embolize the umbilicalplacental vascular bed.
Umbilical-placental embolization. Restriction of fetal growth was induced by placental embolization (17) from 120 to 140 d after mating in the prenatal group and from 120 d to the onset of labor in the postnatal group. Insoluble, nonradioactive microspheres (40 -70 m, Sephadex G-25, Pharmacia LKB, Uppsala, Sweden) were injected daily into the fetal aorta so as to cause an approximate halving of fetal SaO 2 . Control fetuses received daily saline injections with no microspheres.
Postmortem tissue collection. At 140 d of gestation, animals comprising the fetal group were killed (pentobarbital, iv) and the lungs removed. The right lung was fixed at 20 cm H 2 O via the trachea for 24 h using 4% paraformaldehyde and 0.2% glutaraldehyde. Postnatal lambs were killed (pentobarbital, iv) at 8 wk after birth and their lungs fixed as with fetal lungs.
Airway analysis. We cut transverse sections of identified generations of major airways, from the trachea (generation 0), the lobar bronchus (generation 1), and segmental bronchus (generation 2) to the smaller conducting bronchi (generation 8) using the notation of Burri (18) . The analysis involved systematic sampling of airways within both groups of sheep, allowing for a direct comparison between identical airway generations; hence, it was not biased toward any particular airway. Intrapulmonary airways were dissected from both the cranial and caudal lobes of the right lung. Because it was technically difficult to accurately identify and dissect beyond generation 8, samples of lung parenchyma were removed to examine the structure of bronchioles. For morphometric analysis, sections of airways and lung parenchyma were paraffin-embedded and 5-m sections cut and stained with hematoxylin and eosin in duplicate. Stained sections were examined using a video-linked microscope (Leica Laborlux, Wetzlar, Germany). Digital images were stored (Image Pro Plus version 3.0) and morphometric measurements made using the SCION image analysis program (National Institutes of Health, Bethesda, MD, U.S.A.). All measurements were made on coded slides, thereby blinding the observer to the case classification. Withinobserver variability was expressed as the coefficient of variation calculated for 10 measurements made on the same airway (19) ; this value was 1.5-1.6%.
Bronchioles in the lung parenchyma were divided into two groups based on their values of P bm and subjected to the same analysis as bronchi. Bronchioles with a P bm of Ͻ1 mm were arbitrarily classified as group A, and those with a P bm Ͼ1 mm were classified as group B.
Airway morphometry. We used an established method to analyze the structure of airways (20) as shown in Figure 1 . The luminal area of the airway (A inep ) was the area enclosed within the internal perimeter of the epithelium (P inep ). The perimeter of the basement membrane (P bm ) was measured and the area within this perimeter (A bm ) was used in the calculation of epithelial area (see below). We also measured the inner perim- eter of the smooth muscle layer (P ism ); the area enclosed within this perimeter (A ism ) was used in the calculation of smooth muscle area. The outer perimeter of the smooth muscle layer (P osm ) defines the boundary between the inner and outer airway wall; the area enclosed within this perimeter (A osm ) was used in the calculation of the areas of the smooth muscle, and the inner and outer wall of the airway. The outer perimeter of the airway adventitia (P adv ) was measured, and the area within this perimeter (A adv ) was used in the calculation of the outer wall area. The area of cartilage (A cart ) was calculated by summing the areas of cartilage within each section. Other areas calculated were the inner wall area ϭ A osm Ϫ A inep ; the outer wall area ϭ A adv Ϫ A osm ; the epithelial area ϭ A bm Ϫ A inep ; the smooth muscle area ϭ A osm Ϫ A ism ; and the total wall area ϭ inner wall area ϩ outer wall area.
Measurements of areas of airway wall components were expressed in relation to the P bm . P bm was used to standardize airway wall measurements because it is not affected significantly by changes in lung volume or smooth muscle contraction (20, 21) . To quantify the degree of mucosal folding, a folding index was derived by dividing the P inep by the square root of the area of the lumen area (͌A inep ) (22) .
We measured the number of alveolar attachment sites on bronchioles; these are the points at which alveolar walls are radially attached to the outer wall of the nonrespiratory bronchioles (23) . They are of interest because they are considered to be functionally analogous to the structural support given to the larger airways by cartilage. An index of alveolar attachment density was calculated by dividing the number of alveolar attachments around the adventitial border of an airway by P adv .
Submucosal gland profiles were counted in sections (stained with Masson's trichrome) of bronchial generations 2, 4, and 6 from the cranial and caudal lobes of the right lungs from fetuses and postnatal lambs. We counted only those gland profiles in which a lumen was surrounded by a ring of epithelial cells. Counts of gland profiles, expressed in relation to P bm , from the two lobes were combined before analysis.
We measured the area of mucin in the epithelial layer of airway generations 2-7 (cranial and caudal lobes) stained with Alcian blue and periodic acid-Schiff (AB/PAS). The area of epithelial mucin included intracellular mucosubstances as identified by AB/PAS staining; extracellular secretions were not included. To determine the volume of mucin in the epithelium of each airway generation examined, single fields from four quadrants of each airway cross-section were captured using an Olympus BH2 microscope at 400ϫ magnification. All images were captured using a camera system (Dage MTI, Michigan City, Indiana, U.S.A.) interfaced to a MacIntosh 8100 computer. The area of intracellular mucin in each field was determined using the density gradient function of the stereology NIH Image program (National Institutes of Health) to highlight stained mucosubstances. The area of mucin within the epithelium was expressed in relation to P bm , which was also measured using NIH Image program.
Data analysis. Morphometric measurements from the larger airways (i.e. generations 0 -8) were analyzed using a repeated two-way ANOVA, with treatment (control versus IUGR) and airway generation (0 -8) as between and repeated factors, respectively. Data from the upper and lower lobes of the lung were combined and averaged for this analysis. The effects of IUGR on dimensional measurements from bronchioles were analyzed using the unpaired t test. Values are expressed as mean Ϯ SEM. Statistical significance was accepted at p Ͻ 0.05.
RESULTS

Data from Fetuses
Blood data. During the period of placental embolization, IUGR fetuses had lower PaO 2 and SaO 2 values (13.2 Ϯ 0.8 mm Hg and 29.2 Ϯ 1.7%, respectively) than controls (18.9 Ϯ 1.3 mm Hg and 49.9 Ϯ 3.4%, respectively). Fetal PaCO 2 (47.2 Ϯ 1.5 mm Hg) and pHa (7.37 Ϯ 0.01) were not different between IUGR and control groups. Blood glucose concentrations were lower in IUGR fetuses than in controls (0.4 Ϯ 0.0 versus 0.7 Ϯ 0.0 mmol/L, p Ͻ 0.05), whereas lactate concentrations were not different between groups (0.9 Ϯ 0.1 mmol/L).
Body and organ weights. At postmortem (140 d of gestation), body weights of IUGR fetuses were 37% lower than those of controls (p Ͻ 0.05). Lung weights tended to be lower in IUGR fetuses than in controls (p ϭ 0.08); however, when adjusted for body weight there was no significant difference between groups (Table 1) .
Structure of trachea and bronchi. In both groups of fetuses, P bm and the luminal area of airways progressively decreased from the trachea to generation 8 ( Fig. 2A, B) . In IUGR fetuses, both P bm (p Ͻ 0.01) and luminal areas (p Ͻ 0.04) of these airways were smaller than in control fetuses ( Fig. 2A, B) .
Between airway generations 0 -8, the inner wall area, in relation to P bm , tended to be smaller in IUGR fetuses than in controls (p ϭ 0.09, Fig. 3A ). The area of the outer airway wall of IUGR fetuses, and hence the total wall area (both adjusted for P bm ) were significantly smaller than in controls (both p Ͻ 0.02, Fig. 3, B and C) . The areas of epithelium and cartilage, in relation to P bm , were significantly smaller in IUGR fetuses (p Ͻ 0.02 and p Ͻ 0.05 respectively; Fig. 4 ), whereas there was no difference in the area of smooth muscle between groups. Between airway generations 0 -8, IUGR fetuses tended (p ϭ (Fig. 2C) . The numbers of submucosal gland profiles in bronchial airways were not significantly different between IUGR and control fetuses (Fig. 5) . Similarly, the volume of epithelial mucin, in relation to P bm , in the upper and lower lobes was not different between groups (Fig. 5) .
Bronchioles. Between IUGR and control fetuses, no differences were found in both groups A (P bm Ͻ1 mm) or B (P bm Ͼ1 mm) bronchioles in luminal area, the number of alveolar attachments (both expressed in relation to P bm ), and in the mucosal folding index.
Data from Postnatal Lambs
Prenatal blood data. During the prenatal embolization period, IUGR animals studied postnatally had lower values of PaO 2 and SaO 2 (14.8 Ϯ 0.8 mm Hg and 35.8 Ϯ 2.9%, respectively) than in controls (21.4 Ϯ 0.9 mm Hg and 56.6 Ϯ 1.5%, respectively). In these IUGR fetuses, pH was lower than in controls (7.34 Ϯ 0.01 versus 7.37 Ϯ 0.01) and PaCO 2 was higher (53.1 Ϯ 0.9 versus 47.2 Ϯ 1.5 mm Hg). Postnatal growth data. All lambs were born at term, and birth weights of IUGR lambs were 45% lower than those of (Table 1) . At 8 wk after birth, body weights of IUGR lambs tended to be lower (by 26.5%) than those of controls (p ϭ 0.07), suggesting a relative catch-up in body weight by 8 wk. Lung weights of IUGR lambs were not significantly different from those of control lambs; when adjusted for body weight, values were also not different (Table 1) .
Airway structure. As in fetuses, P bm and luminal area of postnatal airways progressively decreased from the trachea to generation 8. No differences were found between control and IUGR postnatal lambs in P bm , airway luminal areas, mucosal folding index, or any of the measured dimensions of the larger airways (generations 0 -8). In both classes of bronchioles, there was no significant difference between the treatment groups in wall dimensions or numbers of bronchiolar-alveolar attachments, expressed in relation to P adv .
Compared with controls, there was a significantly smaller number of submucosal gland profiles, expressed in relation to P bm , in the bronchi of postnatal IUGR lambs (Fig. 5A) . In contrast, there was a greater area of epithelial mucin, relative to P bm , in the IUGR lambs than in controls (Fig. 5B) . Epithelial mucin and submucosal glands in a second generation airway of an 8-wk-old postnatal lamb previously subjected to IUGR are shown in Figure 6 .
Airway growth. In IUGR animals, the luminal areas of airway generations 0 -4 significantly increased after birth; similar changes with age were seen in controls but, with the exception of generations 0 and 2, they were not significant (Fig. 7A) . In control animals, but not in those exposed to IUGR, the luminal areas of the smallest airways examined (generations 7 and 8) were significantly smaller after birth (Fig.  7A) ; a similar trend was seen in generations 5 and 6 of controls and generation 8 of IUGR animals. In airway generations 1-7, the age-related increase in luminal area was greater in IUGR animals than in controls (Fig. 7A) .
In IUGR animals, the wall areas of airway generations 0 -8 increased with age (Fig. 7B) . In generations 1-8, the increases with age in airway wall area were greater in the IUGR group than in controls (Fig. 7B) .
DISCUSSION
We have used a rigid sampling scheme to compare identical airway generations (from 0 to 8) using an unbiased analysis to reveal morphometric changes during fetal growth restriction as well as persistent alterations after postnatal recovery and compensatory growth. Chronic placental insufficiency during late gestation affected tracheal and bronchial structure in the nearterm fetus; in particular, the walls of the trachea and larger bronchi were thinner, relative to their P bm , confirming earlier observations on the effects of IUGR on the fetal sheep trachea (14) . At the time of imposing the placental restriction (0.8 of term), the airways would have been growing and structurally maturing and those processes were apparently affected by the intrauterine factors that restricted fetal growth. An unexpected finding was that most of the structural alterations observed in airway walls of the IUGR fetuses near to term were not apparent at 8 wk after birth, indicating that the major airways had largely recovered from prenatal growth deficits. Thus, our hypothesis that IUGR would cause persistent changes in airway structure was not substantiated, apart from alterations observed in mucus elements. 
FETAL GROWTH RESTRICTION AND AIRWAY DEVELOPMENT
The smaller values of P bm and luminal area for the trachea and larger bronchi (generations 1-8) of IUGR fetuses are consistent with the tendency for lung weights to be smaller in these fetuses. However, the significant reductions in airway wall thicknesses observed in IUGR fetuses were not simply due to their lungs being smaller, as the areas of the airway wall components were normalized by relating them to P bm. The significant reductions in airway wall dimensions of IUGR fetuses, adjusted for P bm , suggests that these dimensions may have been reduced in relation to lung (and body) weights. Our finding that IUGR led to fetal airways having thinner walls with less cartilage, in relation to P bm , suggests that IUGR neonates born at term would have more compliant, and hence more collapsible, airways. This could contribute to the greater vulnerability to respiratory illness of infants born small for gestational age (24) , as evidence of increased airway compliance has been associated with wheezing disorders in infants (25) .
Many preterm infants have been exposed to IUGR (26) , and in these infants the risk of neonatal death and respiratory distress is greater than in normally grown preterm infants (2) . Our data suggest that airway dimensions and their mechanical properties in preterm neonates following IUGR may be more severely affected than in IUGR neonates born at term as airway compliance decreases with age (27) (28) (29) . The thinner-walled airways of the preterm infant are more likely to sustain deformational changes than less compliant, more mature airways. In part, this may be due to a reduced amount of cartilage, which in the sheep (29) and other species (30, 31) has been associated with increased airway compliance. Such changes in airway properties may contribute to the increased risk of respiratory illness and death in infants affected by both preterm birth and IUGR (2) .
Our observation that, in fetuses subjected to IUGR, the dimensions of the larger airways were affected suggests that, in contrast to the smaller, noncartilaginous bronchioles, the cartilaginous airways may be vulnerable to chronic fetal undernutrition and hypoxemia. In sheep, the large airways contain cartilage as well as glandular, muscular, vascular, and neural elements in their walls from as early as 40 d of gestation (32) . As found in an earlier study of the trachea of growth-restricted fetuses (14) , cartilage was the component of fetal bronchial walls most adversely affected by IUGR. It is not known why cartilage was preferentially affected compared with other airway wall components, but IUGR could impact upon the growth of cartilage and other airway wall structures by a) restriction of nutrient or oxygen supply or b) catabolic processes associated with IUGR (33, 34) .
Airway smooth muscle is present and is functional from early in gestation (35) . Smooth muscle may be important in early airway development as its contraction has been shown to stiffen the neonatal airways (36) , rendering them less likely to collapse. In the preterm ovine trachea, a reduction, compared with term controls, in smooth muscle contractility has been observed, possibly contributing to an inability of the trachea to resist collapse (28) . In our study, no differences in the areas of tracheal and bronchial smooth muscle were observed between control and IUGR fetuses. However, as smooth muscle contractility was not examined, it is not possible to know whether mechanical properties of airways were affected.
The degree of mucosal folding is of potential importance as it has been suggested that folding may enhance structural support of small airways, thereby resisting collapse (37) . The increased mucosal folding in the airways of IUGR fetuses (p ϭ 0.07) may have been due to their thinner walls, and this is supported by the tendency for these airways to have smaller luminal areas. It is possible that the bronchial airways were more severely folded in vivo in IUGR fetuses, and fixing the lungs at a constant pressure may have attenuated the degree of airway collapse and folding. Thus, fixing the lungs at their volume in vivo, rather than at a fixed pressure, may have provided a clearer indication of the state of the airways in vivo. The increased folding we observed in the airways of IUGR In IUGR animals, the luminal areas of generations 0 -4 significantly increased after birth; similar trends were seen in controls. In control animals, the luminal areas of generations 7 and 8 became significantly smaller after birth. The age-related increase in luminal area was greater in IUGR animals than in controls (generations 1-7). (B) In both groups, the total airway wall areas increased with age, the increases being greater in the IUGR group than in controls. 686 fetuses could be a result of the thinner airway wall in these fetuses, or a response to an increased tendency to collapse.
The postnatal IUGR lambs showed evidence of catch-up growth in that, compared with controls, there was a greater proportional increase in their body weights between birth and 8 wk (IUGR, 468%, versus control, 350%). At 8 wk, lung weights remained proportional to body weights. In contrast to our findings in fetuses, at 8 wk after birth the bronchi of IUGR lambs possessed comparable luminal areas and relative wall thicknesses to those of control lambs, suggesting that catch-up growth of the airways had occurred after birth. The absence of chronic hypoxemia and hypoglycemia (13) after birth could have accounted for the apparent acceleration in airway growth. It is possible that, in the animals studied after birth, alterations in airway structure induced by IUGR may have been greater at the time of birth than those observed at 140 d of gestation, as the period of placental insufficiency was approximately 5 d longer. Thus, the degree of structural recovery may have been greater than that observed by comparing airways of 140-d-old fetuses and 8-wk-old animals. Although there were no differences between treatment groups in airway morphometry at 8 wk, our other studies in lambs subjected to IUGR have shown that persistent changes were present in aspects of lung function (13) and alveolar structure (12) . It is possible that such alterations could account for some of the detrimental effects of IUGR on respiratory function reported in epidemiologic studies.
Our IUGR groups contained a preponderance of twins, as it was considered that twinning may enhance the growth restriction induced by placental embolization. Although there is some evidence that twinning impairs lung function (5), we know of no evidence that airway structure is affected by twinning per se. It is possible that some alterations of airway wall structure observed in our IUGR fetuses were due, at least in part, to the growth restricting effects of twinning. However, in postnatal animals, twinning had no apparent effects on airway dimensions.
Growth of the bronchi in both control and IUGR lambs between 140 d of gestation and 8 wk after birth was disproportionate, with the greatest proportional increases in luminal area occurring in the trachea, and to a lesser extent with successively smaller generations. In control animals, there was little evidence of airway growth (luminal area and relative wall thickness) in airway generations 4 -8 between late gestation and 8 wk after birth. Indeed, the luminal areas of the smaller airways were reduced after birth. The reasons for this disproportionate growth are unclear, but it is apparent that extrapulmonary airways grow more than those within the lungs. This could be a result of increased elastic recoil of the lungs in the postnatal air-filled lung as compared with the liquid-filled fetal lung in which elastic recoil is small owing to the absence of an alveolar air-liquid interface.
Although postnatal growth allowed for substantial recovery from prenatal growth deficits in IUGR-affected animals, clear, albeit subtle, alterations persisted in the form of a rearrangement of mucin-bearing cells and their location in the airway wall. These alterations would significantly affect the anatomical source of mucin supplying the airways. Such alterations may a) change the amount of mucin available to form the mucous lining layer of the airways, b) alter the composition of the mucin due to differences in the makeup of mucin secreted from submucosal glands versus airway goblet cells, or c) alter the normal balance and proportion of epithelial cells lining the airways. Altered secretory activity of the airways could contribute to the increased incidence of respiratory tract infections and illnesses among infants and children of low birth weight (16, 38) .
Our observation of decreased submucosal gland development in the bronchi of IUGR animals is consistent with findings from a study using a different model of ovine IUGR in which the number of tracheal submucosal glands were decreased in late gestation fetuses (14) . It is not clear why IUGR impairs the development of submucosal glands, but prenatal hypoxemia and prenatal and perhaps early postnatal restriction of nutrient availability during a period of glandular development could be involved.
With regard to epithelial mucin, our inability to detect differences in the bronchi of our IUGR fetuses does not appear to be consistent with the study by Rees et al. (14) , who found that goblet cells were increased in density in the lower trachea of IUGR fetuses compared with controls. As cellular differentiation and maturation occurs in a wavelike pattern from proximal to distal airways, the differences observed between the trachea and bronchi in IUGR fetuses may be due to differences in airway development. Our finding of an increased density of bronchial mucosal mucin at 8 wk after birth in IUGR lambs is, however, consistent with a previous finding of increased density of goblet cells in the lower trachea in growthrestricted late gestation fetuses (14) .
Our findings emphasize the importance of critical windows of development of the respiratory system during both pre-and postnatal periods. Elements such as transcription factors or growth mediators that may be affected by hypoxia or nutrient restriction during key periods of development could have a significant impact on the epithelial-mesenchymal trophic unit. Such influences occurring during different stages of mesenchymal-matrix-epithelial formation could directly impact on cells populating both epithelial and submucosal surfaces. Such may be the case in this study. Future studies should be designed to specifically address these issues.
We conclude that placental insufficiency and consequent IUGR leads to thinning of the walls of the larger airways close to term, largely due to impaired cartilage and epithelial development. Such changes could lead to altered mechanical properties of the airways soon after birth, allowing them greater vulnerability to transmural pressures. By 8 wk after birth at term, relative dimensions of the walls of the major airways were restored to normal. However, the airways were not structurally normal, as the development of mucus elements remained altered, possibly contributing to a greater susceptibility to respiratory infections of infants subjected to IUGR. Studies of older animals will be required to determine whether such alterations persist until later in life.
